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Abstract The genetic diversity and phylogenetic rela-
tionships of 29 East African highland banana (Musa
spp.) cultivars and two outgroup taxa, M. acuminata Cal-
cutta 4 and Agbagba were surveyed by RAPD analysis.
A genetic similarity matrix was established based on the
presence or absence of polymorphic amplified frag-
ments. Phylogenetic relationships were determined by
UPGMA cluster analysis. RAPDs showed that the high-
land bananas are closely related with a narrow genetic
base. Nevertheless, there were sufficient RAPD poly-
morphisms that were collectively useful in distinguish-
ing the cultivars. The dendrogram was divisible into a
major cluster composed of al the AAA highland banana
cultivars and Agbagba (AAB) and a minor cluster con-
sisting of Kisubi (AB), Kamaramasenge (AB) and Cal-
cutta 4 (AA). Several subgroups are recognized within
the major cluster. RAPD data did not separate beer and
cooking banana cultivars. Our study showed that RAPD
markers can readily dissect genetic differences between
the closely related highland bananas and provide a basis
for the selection of parents for improvement of this
germplasm.
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Introduction

Banana is a highly valued food crop in the highlands of
East Africa, especialy in Burundi, Kenya, Rwanda,
western Tanzania, Uganda, and eastern Congo (Ddungu
1987; Sebasigari 1987). The region records one of the
highest consumption figures for bananas in the world at
over 300 kg per capita per year. Banana is the most ex-
tensively grown crop in Uganda, occupying about 40%
of the arable land (Horry et al. 1998a). These bananas
grow in high rainfall regions at altitudes between 1200
and 1900 m above sea level and are known as East Afri-
can highland bananas (EAHB). Two main types of ba-
nanas, based on the use of the fruits, are recognized in
this region (Sebasigari 1987): bananas that are used for
boiling or steaming (cooking banana) and those used for
the preparation of beverages (beer bananas). Although
the highland bananas have an AAA genome composition
(Shepherd 1957), they are distinctly different from the
dessert or sweet bananas that have similar genomes
(AAA) and from the plantains (AAB) and cooking ba-
nanas (ABB) that are cultivated mainly in the humid
lowlands of West and Central Africa. It is estimated that
there are between 45 and 70 highland banana cultivarsin
East Africa (Baker and Simmonds 1952; Shepherd 1957)
since a number of local names may exist for the same
cultivar. Many cultivars cannot be easily distinguished
on the basis of their morphology, especidly if they are
closely related.

Information on the genetic diversity and phylogenetic relation-
ships within the East African banana germplasm is scarce. These
relationships are essential to develop an efficient breeding pro-
gram by providing basic information for breeders, such as the se-
lection of suitable material for new cultivar development. Advanc-
es in Musa breeding have established that crossing of divergent
genotypes and subsequent selection of improved hybrids are im-
portant steps for the production of new banana cultivars (Ortiz and
Vuylsteke 1996).

Genetic diversity in plants can be estimated in several
ways. The RAPD (random amplified polymorphic DNA,
Williams et al. 1990) technique has been used extensive-
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ly for this and other research purposes since data can be
generated faster and with less labor than other methods
such as restriction fragment length polymorphisms
(RFLPs), single sequence repeat or microsatellites
(SSRs) and amplified fragment length polymorphisms
(AFLPs). RAPDs have been used to assess genetic varia-
tion and phylogenetic relationships in many plants in-
cluding Citrus (Federici et al. 1998), Phaseolus vulgaris
(Briand et a. 1998), Prunus (Shimada et al. 1999) and
Vitis (Vidal et al. 1999).

The study reported here aimed at using RAPD mark-
ersto: (1) assess the level of genetic diversity in EAHB
germplasm; (2) construct a dendrogram to show relation-
ships amongst the genotypes; (3) compare this scheme
with shared morphological features of the plants; and (4)
determine the genome composition of the plants.

Materials and methods

Plant material

The plant material (Table 1) consisted of 29 EAHB cultivars and
two outgroup taxa, Musa acuminata subsp. burmanicoides, Cal-
cutta 4 (AA), hereinafter referred to as C4, and the plantain Ag-
bagba (AAB). The sample included both beer and cooking banan-
as. These plants were randomly selected from the germplasm col-
lection of the International Institute of Tropical Agriculture, Onne
Research Station, southeastern Nigeria.

Genomic DNA isolation and RAPD analysis

Total genomic DNA was extracted from fresh leaf material using a
modified CTAB procedure as reported by Crouch et al. (1998).
The DNA samples were diluted for PCR (polymerase chain reac-
tion) to a final concentration of 0.2 pg/pl. Eighty 10-mer oligonu-
cleotides (kits A, B, C, D) from Operon Technologies (USA) were
used as single primers in PCR reactions. Amplification reaction
volumes were 25 pl, each containing 0.2 ug DNA, 2.0 mM MgCl,
0.2 mM each dNTPs, 1.25 U Taq polymerase (Advanced Biotech-
nologies, Surrey, UK) and 1.2 yM primer in areaction buffer con-
taining 75 mM Tris-HCI, pH 9.0 and 20 mM (NH, ), SO,. Ampli-
fications were performed in a Perkin ElImer Cetus 9600 Thermal
Cycler with the following temperature cycles: an initial 3-min de-
naturation at 94°C, followed by 35 cycles of 50 s at 94°C, 50 s at
40°C and 1.5 min at 72°C. The final extension step was done at
72°C for 7 min. Amplification products were resolved by electro-
phoresis on 1.5% agarose gels in 1x TBE buffer. DNA gels were
stained in ethidium bromide and then photographed under UV
light using Polaroid 667 film. Molecular size markers included
DNA fragments of the 100-bp and 1-kb ladder (Life Technologies,
USA).

Hybridization analysis

DNA gels with amplification products were transferred to nylon
membranes as described by Reed and Mann (1985). Fragments
used as probes were excised from duplicate gels and the DNA ex-
tracted with the Agarose Gel DNA Extraction Kit (Boehringer
Mannheim, Mannheim, Germany). Labeling of fragments, hybrid-
ization and detection were done with the ECL direct nucleic acid
labeling and detection system (Amersham Int, Buckinghamshire,
England).

Table 1 Cultivars, banana

type, ploidy and genome com- Serial number Accession name Type Ploidy Genome
position of plants used in ge- composition
netic diversity studies of East - )
2 |gisahira Gisanzwe Cooking 3x AAA
3 Nsira Cooking 3x AAA
4 Kitawira Cooking 3x AAA
5 Makara Beer 3x AAA
6 Isha Beer 3x AAA
7 Kisubi Dessert 2x AB
8 Ikigeregere Beer 3x AAA
9 Nshika Beer 3x AAA
10 Ikimaga Cooking 3X AAA
11 lgitsiri Beer 3x AAA
12 Mbawzirume Cooking 3x AAA
13 Intokatoke Beer 3x AAA
14 Ingagara Cooking 3x AAA
15 Igihuni Cooking 3x AAA
16 Inkira Beer 3x AAA
17 Inyoya Cooking 3x AAA
18 Kagera Cooking 3X AAA
19 Kamaramasenge Dessert 2x AB
20 Indemeray’ Imbihire Beer 3x AAA
21 Imbogo Cooking 3x AAA
22 Nakitengwe Cooking 3x AAA
23 Bakurura Cooking 3x AAA
24 Ingoromoka Cooking 3x AAA
25 Mbirabire Cooking 3x AAA
26 Ingumbay’ Inyamunyo Cooking 3x AAA
27 Intama Cooking 3x AAA
28 Ingarama Cooking 3X AAA
29 Intariho Cooking 3x AAA
30 Calcutta4 wild 2x AA
31 Agbagba Plantain 3x AAB




Flow cytometry and genome composition

The ploidy level of each plant was determined by flow cytometry
and their genome composition determined by using RAPD mark-
ers that are specific to the A and B genomes as described by Pillay
et a. (2000).

Data analysis

Only clear and unambiguous polymorphic bands were scored for
the analysis. RAPD fragments for each primer were scored as
present (1) or absent (0). Bands with the same migration distance
were considered homologous (see hybridization analysis). A pair-
wise similarity matrix was computed and analyzed with NTsYs
(Rohif 1994) version 1.80 using the simple matching coefficient
(Soka and Michener 1958). The similarity matrix was used to
construct a dendrogram by the unweighted pair-group method
with arithmetical averages (UPGMA).

Results
RAPD data

Our RAPD technigue has been optimized for banana and
produced amplified fragments varying from 150 to 3000
bp in size. Figure 1A illustrates the typical level of poly-

Fig. 2 Dendrogram of genetic
relationships of 29 East African
highland banana cultivars and
two outgroup taxa obtained
from cluster analysis of RAPD
data. The scale indicates genet-
ic similarity. Code numbers are
asthoselisted in Table 1
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morphisms observed in a sample of the banana cultivars,
which was generally low among the EAHB cultivars. To
determine whether fragments with similar migration pat-
terns were homologous, we transferred randomly select-
ed gels to membranes and subsequently selected specific

bp M1 23456 78 91011121314151617 18 19202122

Fig 1 A RAPD profiles of DNA from 22 cultivars of East African
bananas using primer D10. B Southern hybridization patterns of
the RAPD profilesin A when the 1300-bp fragment was used as a
probe. M represents molecul ar-weight markers
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fragments as hybridization probes. Figure 1B illustrates
the Southern hybridization results when the presence or
absence of the 1300-bp fragment was considered for
analysis.

The genetic similarity coefficients for the 31 clones
ranged from 0.30 to 0.98. The UPGMA analysis made it
possible to discriminate all of the genotypes of this study.
The dendrogram (Fig. 2) showed a clear distinction into a
major and minor cluster. The major cluster was composed
of al the AAA genotypes and the plantain Agbagba that
clustered with about 52% similarity. Within the major
cluster, two beer cultivars, Isha and Ikigeregere, and two
cooking cultivars, Igisahira and Kibungo 1, were quite
distinct and appeared as separate entities. The remaining
cultivars formed a single group with about 95.5% similari-
ty. Several subgroups are recognizable within this group
(Fig. 2). The largest subgroup with 97.8% similarity was
composed of Nsira, Nshika, Ikimaga, Imbogo, Kitawira,
Makara, Ingagara, Intama, Mbawsirume and Intokatoke.
Within this subgroup, the closest relationship at approxi-
mately 98.6% similarity occurred between the beer banan-
as Nshika and Ikimaga. The beer banana Makara paired
with Kitawira, while Intokatoke paired with Mbwasirume.
Igihuni and Indemeray’ Imbihire clustered with the larg-
est subgroup with about 97.4% similarity. Other sub-
groups included (1) Inkira, Kagera and Ingumba y’ In-
yamunyo, (2) Nakitengwa and Bakurura and (3) Inyoyo
and Mbirabire. Cultivars Igitsiri, Intariho, Ingoromoka
and Ingarama were quite distinctive and appeared as sepa-
rate entities. The minor cluster consisted of Kisubi, Kama-
ramasenge and C4. Kisubi and Kamaramasenge clustered
at 68% similarity, while C4 clustered with the former
cultivars at 52% similarity.

Ploidy analysis and genome composition
With the exception of the diploids, Kisubi and Kamara-

masenge, with AB genomes, the other highland banana
cultivars were triploids with AAA genomes (Table 1).

Discussion
Genetic diversity

This study was conducted to determine the extent of ge-
netic diversity in a sample of the highland banana germ-
plasm of East Africa, based on the RAPD marker system
that makes use of arbitrary primers to amplify random
DNA sequences in the genome (Williams et al. 1990).
Until recently, morphology was used extensively to de-
termine relationships among plants. This was aso the
case in Musa in which morphological and agronomic
characters were used to assess genetic relationships
(Ortiz 1997; Ortiz et al. 1998; Karamura 1998). Morpho-
logical markers are limited in number and they do not of -
ten reflect genetic relationships because of interaction
with the environment, epistasis and the largely unknown

genetic control of the traits (Smith and Smith 1989). In
contrast, DNA markers are found in abundance and are
not influenced by the environment or developmental
stage of a plant, making them ideal for genetic relation-
ship studies. This is the first study that has made use of
molecular markers to examine genetic diversity in East
African bananas.

With the exception of Kisubi, Kamaramasenge and the
outgroups C4 and Agbagba, RAPD analysis suggests that
the East African bananas used in this study are closely re-
lated with a narrow genetic base. Nevertheless, the RAPD
polymorphisms are collectively useful in distinguishing
the cultivars. Champion (1970) suggested that these culti-
vars evolved from a very ancient single introduction.
Hence, the variation in this germplasm is the result of so-
matic mutations and subsequent preferential cultivation
of the mutants (Simmonds 1966). The contrasting physi-
cal features and climates of East Africa and the socia
backgrounds of the region may have also played arolein
the diversification of the different clones (Karamura
1998). East Africais regarded as the secondary center of
diversity for the Musa AAA group (Swennen et al. 1995),
as aresult of the accumulation of variation in this germ-
plasm. Genetic variability and cultivar development in
other clonally propagated plant species such as citrus
have also arisen through frequent somatic mutations
(Fang and Roose 1997; Asins et al. 1999).

There are indications that retrotransposons are re-
sponsible for spontaneous mutations in plants (Hirochika
1995). Asins et al. (1999) have suggested that retrotrans-
poson activity might be, at least in part, involved in ge-
netic variability in sweet orange cultivars. Retrotranspo-
sons have been identified in banana (Balant-Kurti et al.
1999; Khayat et a. 1999). Although the evolutionary
role of these transposons has not been fully investigated
in Musa, their involvement in inducing genetic variabili-
ty as demonstrated in citrus cannot be discounted.

Low levels of genetic diversity in a group of closely
related organisms are generally ascribed to factors such
as domestication, a genetic bottleneck (temporary reduc-
tion in population size) or founder effects (establishment
of apopulation by asingle or few individuals). There ap-
pears to be no documented evidence to support the latter
two effects, except Champion’'s (1970) hypothesis on a
single ancestor. Consequently, we suggest that domesti-
cation could also be amajor factor responsible for the re-
duced variability in the highland bananas. Bananas were
introduced into East Africa between 0-600 AD
(Simmonds 1966) and, therefore, have along and intense
history of cultivation (De Langhe 1961). Limited genetic
diversity has also been recorded for many other domesti-
cated species including beets (Jung et a. 1993), barley
(Saghai-Maroof et a. 1994) and lentils (Ferguson et al.
1998).

The low level of DNA diversity contrasts with the
high level of morphological variability present in these
plants. Probable reasons for this discordance are the fol-
lowing. The RAPD primers did not anneal to areas of the
genome responsible for the morphological variation, re-



sulting in non-random sampling of the genome and an
insufficient number of polymorphisms. The morphologi-
cal variation is the result of genotype x environmental
interaction. There are many reports of environmental ef-
fects on banana. For example, Daniells (1990) reported
marked environmental effects on plant phenotypes with-
in the Cavendish sub-group.

The a priori inclusion of the wild diploid banana, C4
(AA), and the plantain, Agbagba (AAB), as outgroup
taxa provides useful insights for breeding. C4 is a source
of useful gene(s) for resistance to black Sigatoka, a dev-
astating fungal disease caused by Mycosphaerella fijien-
sis. Consequently, it has been used widely as a male par-
ent in most breeding programs as a source of resistance
genes. This study showed that C4 is quite distinct from
the East African bananas. Therefore, while it may be a
useful source of disease resistance, it is unlikely to have
good combining ability with the East African cultivars.
Interestingly, this was found to be true when C4 was
crossed with East African cultivars (Hartman and
Vuylsteke, unpublished data).

The exact origin of the highland bananas has not been unequivo-
caly established. The close genetic similarity and the large num-
ber of shared fragments suggest a common origin and subsequent
divergence by mutations. Price (1995) suggests that they were in-
troduced directly from South-east Asia where AA and AAA culti-
vars are common. Although C4 is an AA diploid, our results show
a strong distinction between it and the highland bananas, implying
that the former may not be involved in the direct ancestry of these
plants. Rather, it is more closely associated with the south Indian
cultivars Kisubi and Kamaramasenge. The low level of genetic
similarity of Agbagba with the highland bananas is probably due
to their different genome compositions. It supports the view of
Simmonds (1966) that plantains were introduced to Africa inde-
pendently of the highland bananas.

Comparison with morphol ogy

One of the interesting aspects of this study was the clus-
tering of the two AB diploid dessert cultivars, Kisubi
and Kamaramasenge. Field data show that the two culti-
vars are very similar in morphology and resemble Ney
poovan. Kisubi is considered to be a recent introduction
directly or indirectly from south India (Stover and Sim-
monds 1987). Although no information is available on
the origin of Kamaramasenge, its close affinity to Kisubi
coupled with its literature name of Ney poovan (Sebasig-
ari 1987) suggests a south Indian origin. It is likely that
Indian immigrants introduced the south Indian cultivars
into East Africa. RAPD data showed that they are quite
distinct from the highland bananas (Fig. 2).
Morphological descriptions were available for 20 of
the 29 cultivars used in this study. It was possible to
compare the clustering based on RAPD profiles with the
morphological characteristics of the plants. With a few
exceptions, DNA clustering patterns were in general
agreement with the shared morphological characteristics
of the cultivars. For example, Inyoyo and Mbirabire
were scored to be similar in 42 out of 48 morphological
descriptors. Similarly, Ingarara and Kitawira in the same
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clade shared 37 out of 48 characters, while Intama and
Kitawira shared 36 characters. In contrast, Makara
grouped closer to Kitawira, but these accessions shared
only 28 out of 42 characters.

RAPD data corresponded with field data in showing
the distinctiveness of some of the varieties. For example,
the pseudostem in Intama is characterized by moderate
brown blotches, while the pseudostems of most of the oth-
er plants in this study have extensive black blotches. In-
tama is aso one of the few plants with erect fingers. Al-
though Igihuni, a cooking cultivar, grouped with Indemera
y' Imbihire, a beer cultivar, the former is easily distin-
guishable in the field by its bright yellow-orange male
bud, large persistent male bracts, persistent neutral flowers
and styles. Similarly, Igitsiri is recognizable by the exten-
sive and intense black blotching of the pseudostem.

The RAPD profiles were not able to clearly separate
the beer and cooking banana cultivars. With the exception
of Nshika and Ikimaga that appeared in a sister group re-
lationship, and Isha that appeared alone in a clade, other
beer cultivars clustered randomly with cooking cultivars.
The two types of bananas share a large number of mor-
phological characteristics (Sebasigari 1987) and cannot
be distinguished on the basis of morphology. Only the
color and taste of their unripe pulp distinguishes them:
cooking bananas have a rather insipid flavor, while beer
bananas are bitter (Sebasigari 1987; Karamura 1998). Hy-
bridization, whether natural or artificial has played arole
in the evolution of the highland bananas. Continuous
gene flow between beer and cooking cultivars that grow
sympatrically has probably masked genetic differentia-
tion between the two types of banana. Our inability to
differentiate between them may also be due to the limited
number of RAPD primers used in this study. Our data do
not correspond with those of a phenetic study (Karamura
1998) that showed a clear separation of beer and cooking
bananas. The most likely reason for this differential result
is that the color and taste of the pulp, key characters that
separate beer and cooking types, were included in the 73
characters used by Karamura (1998).

Ploidy and genome composition

Flow cytometry showed that the highland bananas were
triploid. Prior to this study, the ploidy level of these
plants, and in Musa in general, was estimated by various
phenotypic traits (Simmonds and Shepherd 1955). Phe-
notypic traits are influenced by the genotype and cannot
be recommended for reliable ploidy estimation in Musa
(Vandenhout et al. 1995; van Duren et a. 1996). The
greater precision of flow cytometry has already proved
useful in reassigning ploidy levels in a number of Musa
cultivars (Horry et a. 1998b). Our RAPD marker system
(Pillay et a.2000) also confirmed the genome composi-
tion of the highland bananas to be AAA.

The results of this study indicate that RAPD analysisis
areliable and effective means of assaying genetic variation
in East African banana. RAPD markers can easily distin-



970

guish highland banana cultivars, even closely related ones.
This study provides a basis for breeders to identify diverse
cultivars for breeding. The advantages of the RAPD tech-
nique, including its speed, low DNA template require-
ments and technical simplicity, makes it a convenient tool
for detecting genetic variation within this germplasm.
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